Objective-Microvascular dysfunction is suggested to be a marker of common pathophysiological mechanisms in the development of insulin resistance, cardiovascular diseases, and type 2 diabetes mellitus. Given the established relationship of diet with the macrovascular disease, the aim of this study was to investigate for the first time the possible associations between dietary patterns and microcirculation. Approach and Results-Two hundred ninety-one healthy men and women selected from the Supplementation en Vitamines et Mineraux Antioxydants 2' cohort were assessed for anthropometric, nutritional, biochemical, and microcirculation parameters using finger skin capillaroscopy. Dietary intake was assessed cross-sectionally using a food frequency questionnaire, and principal component analysis was used to identify dietary patterns from 40 food groups. Six dietary patterns were identified. A dietary pattern characterized by increased consumption of vegetable oils, poultry, and fish and seafood was positively associated with both functional and anatomic capillary density after adjusting for confounders (β=0.13, P=0.05 and β=0.20, P=0.00, respectively). A second dietary pattern with increased consumption of sweets was inversely associated with functional and anatomic capillary density in all multivariate models (β=−0.14, P=0.03 and β=−0.17, P=0.01). There were no associations between any of the derived dietary patterns and capillary recruitment. Conclusions-In healthy subjects, a dietary pattern characterized by an increased consumption of vegetable oils, poultry, and fish and seafood and low consumption of sweets was associated with better microvascular function. Further prospective studies are needed to confirm the present association. (Arterioscler Thromb Vasc Biol. 2014;34:463-469.)
C apillaries play a pivotal role in the microcirculation through the exchange of metabolic substrates and waste products between blood and tissues. 1 This function is associated with the number of capillaries per volume unit of tissue (ie, the density of the capillary bed). 2 The phenomenon of increased intercapillary distance, that is, of reduced capillary density, is called capillary rarefaction. 3 On the basis of studies that investigated mostly the human cutaneous capillaries, capillary rarefaction has been described in hypertension, [4] [5] [6] [7] [8] [9] in subjects with metabolic syndrome, 10 and in overweight individuals, [11] [12] [13] even in the absence of insulin resistance or elevated blood pressure (BP). Of note, in healthy nonobese individuals, an inverse association between insulin resistance 14 and BP levels, 14, 15 on one hand, with capillary recruitment, on the other hand, has been described, suggesting the presence of a possible pathophysiological continuum between them, even in normalcy.
The pathophysiological steps toward the development of capillary rarefaction are not elucidated yet. [16] [17] [18] Capillary rarefaction may derive from (1) increased vasomotor tone in the precapillary arterioles as a result of increased pressure upstream, 19 (2) a genetic predisposition as observed in young adults or even infants at high risk to develop hypertension, [16] [17] [18] or (3) increased oxidative stress and inflammation in the microenvironment of the local microcirculation, resulting in endothelial dysfunction and vasoconstriction. 18 The latter pathway might provide a pathophysiological link between the genesis of high BP and insulin resistance. 9, 11, 14 February 2014
There is indirect evidence to support the implication of nutrition in the pathophysiology of capillary rarefaction. First, several nutrients and vasoactive dietary compounds have been described to affect the microcirculation, [20] [21] [22] as well as large artery function and structure. 23, 24 Second, the role of nutrition in the development of insulin resistance, diabetes mellitus, and hypertension is already well described, [23] [24] [25] [26] and it might be mediated by early alterations in the microcirculation. However, only 1 study has investigated to date the association between nutrition and capillary density. 22 Because foods are rarely eaten in isolation and because nutrient-based investigations underestimate the possible interactions between them, the evaluation of dietary patterns is an advanced method for dietary assessment because they represent the entire diet, not just a single nutrient. 27, 28 Recently, a study indicated that dietary patterns are well correlated with vascular function and affect endothelial function, arterial stiffness, and peripheral resistance in various groups of healthy individuals or patients with vascular diseases. 29, 30 To the best of our knowledge, there are no previous studies investigating the relationship between dietary patterns and capillary density. Therefore, the aim of the present study was to investigate the potential association between dietary patterns and capillary density in normotensive, relatively insulin-sensitive healthy subjects.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results
In our study, men were older and had higher energy intake and BP than women; they tended to have lower functional and anatomic capillary density (Table 1) . Table 2 summarizes the loadings of the factors retained from the principal component analysis. The value of the Kaiser-Meyer-Olkin criterion indicates that the dietary variables entered in the analysis were strongly intercorrelated and that principal component analysis could be correctly used for assessing healthy or unhealthy dietary patterns. The principal component analysis indicated 6 dietary components explaining 54.4% of the total variance. These components were characterized as follows: higher consumption of spices, high-fat sauces, starch, and meat and processed meat (dietary pattern 1); higher consumption of legumes, vegetables, and fruits and fruit products and lower consumption of beverages (dietary pattern 2); higher consumption of oil, poultry, and fish and seafood (dietary pattern 3); higher consumption of nuts and salted snacks (dietary pattern 4); higher consumption of wine, beer, and cider and lower consumption of coffee and tea (dietary pattern 5); and higher consumption of highand low-fat sweet products (dietary pattern 6). All the above dietary patterns were also confirmed through confirmatory factor analysis (data not shown). The relative contribution of each dietary variable according to factor analysis is as follows: spices 0.586, starch 0.569, sauces 0.530, meat and processed meats 0.660, legumes 0.542, vegetables 0.559, fruits and fruit products 0.527, beverages 0.413, oils 0.608, poultry 0.526, fish and seafood 0.612, nuts 0.688, snacks 0.547, wine 0.458, beer and cider 0.488, coffee and tea 0.401, low-fat sweet products 0.673, and high-fat sweet products 0.406. Tables 3 and 4 present the associations derived from multiple linear regression analyses between functional and Nonstandard Abbreviations and Acronyms BP blood pressure Values are presented as mean±SD or %; independent sample t test or χ 2 test was applied for comparison between men and women. HOMA-IR indicates homeostasis model assessment of insulin resistance.
anatomic capillary density (dependent variable), respectively, and the dietary patterns. Dietary pattern number 3 was positively associated with functional capillary density (β=0.15, P=0.03; model 1), and even after adjusting for several potential confounding factors in models 2 and 3, this association remained statistically significant (β=0.15 and β=0.13, respectively, all P<0.05; Table 3 ). The same significant association was revealed for dietary pattern 3 and anatomic capillary density (β=0.22, P=0.00 [models 1 and 2] and β=0.20, P=0.00 [model 3]; Table 4 ). Dietary pattern 6 was found to be inversely associated with functional capillary density in model 1 (β=−0.13, P=0.05), model 2 (β=−0.13, P=0.05), and model 3 (β=−0.14, P=0.03; Table 3 ). Dietary component 6 was also inversely associated with anatomic capillary density in all 3 models of multivariate analysis (β=−0.16, P=0.02 for models 1 and 2 and β=−0.17, P=0.01 for model 3, respectively; Table 4 ). There was no significant association between any of the derived dietary patterns and capillary recruitment (data not shown).
The logistic regression analysis summarized in Tables 5 and  6 showed that the third tertile of the dietary component 3 was significantly associated with the highest quartile of both functional and anatomic capillary density. Specifically, subjects who showed greater adherence to the dietary component 3 (highest tertile) were 2.24 ([1.12-4.47]; odds ratio [95% confidence interval]) times more likely of having elevated functional capillary density and 2.76 (1.35-5.64) times more likely of having elevated anatomic capillary density compared with subjects in the first tertile after controlling for several potential confounding factors. No similar association was found for dietary component 6.
Discussion
Few studies have investigated the relationships between foods or nutrients and microvascular function, 22, [31] [32] [33] but none has focused on the possible link of dietary patterns with capillary density and recruitment. In the present study, we investigated a healthy population free of hypertension and insulin resistance. A dietary pattern characterized by increased consumption of oil, poultry, and fish and seafood was positively related to both functional and anatomic capillary density after adjusting for several confounding factors. Another dietary pattern characterized by high intakes of high-and low-fat sweets was negatively associated with anatomic and functional capillary density in every multivariate model. Dietary pattern 3 is characterized by foods containing high amounts of monounsaturated and polyunsaturated fatty acids such as olive or sunflower, rapeseed or soya oils, and fish and seafood and decreased amounts of saturated fatty acids. It is already known that long-term consumption of monounsaturated and polyunsaturated fatty acids may have beneficial effects on endothelial function and arterial compliance compared with diets high in saturated fat. 24, 34 Unsaturated fatty acids and especially fish oils may improve endothelial function and arterial stiffness through various mechanisms such as activation of nitric oxide synthase, protection of nitric oxide damage by decreasing oxidative stress, or prevention of the inflammatory process. 35 In line with the mentioned findings in large vessel structure and function are few studies investigating the possible effects of fat in the microcirculation. In rodent experimental models, high-fat diets caused a decrease in capillary density. 25, 33 In human studies, 15 to 25 g of brazil nuts per day for 16 weeks improved functional microvascular parameters such as red blood cell velocity in female obese subjects, 20 whereas 4 g of docosahexaenoic acid for 6 weeks improved forearm microcirculation in overweight, mildly hyperlipidemic men. 21 Our findings suggest that a dietary pattern of increased consumption of vegetable oils, poultry, and fish and seafood characterized by increased consumption of monounsaturated and polyunsaturated fatty acids and reduced consumption of saturated fatty acids (in the absence of high BP and insulin resistance) might represent an association with higher capillary density, thus less functional and structural capillary rarefaction. We speculate that diet might be implicated in the development of insulin resistance and hypertension via this mechanism.
Another dietary pattern characterized by increased consumption of sweet products (both high and low in fat content) was found to be negatively associated with capillary density. Out data denote that increased consumption of refined sugar coming from sweets may have an adverse effect on microvascular function. It is already evident that high consumption of sweets is positively associated with insulin resistance 26 because the short absorption time that follows the consumption of sugar Model 1: adjusted for age, sex, energy intake, and body mass index; model 2: model 1+mean arterial pressure; model 3: model 2+educational level, physical activity, smoking, and insulin resistance homeostasis model assessment; dietary pattern 1: higher consumption of spices, high-fat sauces, starch, and meat and processed meat; dietary pattern 2: higher consumption of legumes, vegetables, and fruits and fruit products and lower consumption of beverages; dietary pattern 3: higher consumption of oil, poultry, and fish and seafood; dietary pattern 4: higher consumption of salted and unsalted nuts and salted snacks; dietary pattern 5: higher consumption of wine, beer, and cider and lower consumption of coffee and tea; and dietary pattern 6: higher consumption of high-and low-fat sweets. β indicates standardized β coefficient. Model 1: adjusted for age, sex, energy intake, and body mass index; model 2: model 1+mean arterial pressure; model 3: model 2+educational level, physical activity, smoking, and insulin resistance homeostasis model assessment; dietary pattern 1: higher consumption of spices, high-fat sauces, starch, and meat and processed meat; dietary pattern 2: higher consumption of legumes, vegetables, and fruits and fruit products and lower consumption of beverages; dietary pattern 3: higher consumption of oil, poultry, and fish and seafood; dietary pattern 4: higher consumption of salted and unsalted nuts and salted snacks; dietary pattern 5: higher consumption of wine, beer, and cider and lower consumption of coffee and tea; and dietary pattern 6: higher consumption of high-and low-fat sweets. β indicates standardized β coefficient.
may impair blood glucose control, which may result in hyperinsulinemia and peripheral insulin resistance. 36 In addition, a recent meta-analysis showed that there might be a significant role of microvascular function in insulin resistance and type 2 diabetes mellitus because microvascular dysfunction was associated with incidence of type 2 diabetes mellitus and impaired fasting glucose. 37 In another relevant study, higher fasting plasma glucose was inversely associated with capillary density, indicating that abnormal alterations in microcirculation may occur in early elevations of blood glucose in healthy individuals. 15 The outcome of the present study suggests that there might be a pathophysiological link between diet and insulin resistance mediated by early alterations in the microcirculation. However, because this is a cross-sectional study, the inverse hypothesis cannot be ruled out.
Our data showed no association between any of the derived dietary patterns and capillary recruitment. Previous studies have concluded that there is a positive association between capillary recruitment and insulin sensitivity in normotensive and normoglycemic subjects. 8, 14 In addition, this association between capillary recruitment and insulin sensitivity in healthy, lean individuals seems to be diminished in individuals with abnormal body weight. 11 In our study, we included relatively insulin-sensitive volunteers. Therefore, the lack of insulin resistance in overweight/obese group in our study may explain the absence of an association between dietary patterns and capillary recruitment.
The current study has both strengths and limitations. The main strength is related to the large sample size regarding microcirculation function and inclusion of well-phenotyped men and women. In addition, exclusion of individuals with metabolic disease allowed us to examine microvascular structure and function in a straightforward way. Furthermore, the adjustment for specific confounders resulted in the extraction of more accurate results. One important limitation of the study is that our volunteers are health-conscious people, and they could be nonrepresentative of the general population. Furthermore, we cannot overlook the fact that perfusion of skin capillaries primarily serves the purpose of thermoregulation, whereas those in deeper tissues (eg, skeletal muscle) are much more closely linked to metabolic demand and oxygen supply to tissue parenchyma. There are well-described differences in pathways that control responses to ischemia/ reactive hyperemia and heating. [38] [39] [40] Nevertheless, the ability to perform minimally invasive in vivo mechanistic studies in human skin could have a profound influence on our understanding of how disease states adversely affect vascular function. It may be prudent to use cautious optimism when extrapolating findings from human skin to other vascular bed, and the present data should be tested in other experiments that will evaluate muscular microcirculation. In addition, we can speculate that the relationships between dietary patterns and microvascular function could be mediated by other factors that were not assessed in our study. Because the study has a cross-sectional design, it is not suitable for interpreting causal relationships. Finally, although normality was not achieved for the majority of the food groups used in the principal component analysis, we think that the extracted components are robust because of the relative large sample size, the symmetrical distribution of the initial food variables, and the high level of intercorrelation between them (ie, Kaiser-Meyer-Olkin=0.7).
Conclusions
In a group of healthy men and women, adherence to a dietary pattern characterized by increased consumption of vegetable oils, poultry, and fish and seafood was positively associated with capillary density, whereas adherence to another dietary pattern characterized by increased consumption of sweets was inversely associated with both functional and anatomic capillary density. The effect of dietary behavior and food preferences in relation to several pathophysiological conditions is of great importance and should be included in future studies for identifying dietary patterns that might favorably affect early signs of a disease onset, such as microvascular structure and function.
